High quality epitaxial graphene films can be applied as templates for tailoring graphene-substrate interfaces that allow for precise control of the charge carrier behavior in graphene through doping and many-body effects. By combining scanning tunneling microscopy, angle-resolved photoemission spectroscopy and density functional theory we demonstrate that oxygen intercalated epitaxial graphene on Ir(111) has high structural quality, is quasi free-standing, and shows signatures of many-body interactions. Using this system as a template, we show that tunable pn-junctions can be patterned by adsorption and intercalation of rubidium, and that the n-doped graphene regions exhibit a reduced Coulomb screening via enhanced electron-plasmon coupling. These findings are central for understanding and tailoring the properties of graphene-metal contacts e.g. for realizing quantum tunneling devices.
INTRODUCTION
The synthesis of epitaxial graphene films has been intensively explored in the past decade, where there has been remarkable advances in graphene growth processes involving either the thermal decomposition of SiC substrates [1, 2] or chemical vapor deposition on metal surfaces [3] [4] [5] . These epitaxial growth methods now seem close to achieving cost-effective large-area graphene films with high crystallinity [6] , which can potentially lead to high frequency electronics and photonics devices [7] . Furthermore, epitaxial graphene systems exhibit very large freedom in design and modification through controllable adsorption or intercalation of a number of atomic species, tailoring the electronic [8] [9] [10] [11] [12] and magnetic properties [13] [14] [15] of the two-dimensional Dirac particles in graphene.
The π-band dispersion in graphene, characterized by a Dirac cone around the Fermi level, can be affected by the supporting substrate, and tuned through the coupling with this substrate. The idea of complete substrate decoupling by intercalation, leading to so-called quasi free-standing graphene, was developed for systems, such as single-layer graphene on Ni(111) or on SiC, where hybridization of the π-states with the substrate prevents the ideal linearly dispersing low energy spectrum from being established [9, 13, 16] . Additionally, the graphene-substrate interface plays a crucial role for controlling the doping level in graphene, and it affects the effective Coulomb screening of the charge carriers. Studies of quasi freestanding graphene samples on SiC substrates have revealed that tuning these properties can lead to distortions of the slope along the Dirac cone and a plasmon-related reconstruction of the Dirac point has been observed [17, 18] . Interestingly, such effects have only been reported for graphene in proximity to a semiconducting substrate, and are typically assumed to be completely screened for graphene grown on metal surfaces [19] . However, the conditions in the interface to the metal might substantially modify this picture [20] .
Here we explore oxygen intercalated graphene on Ir(111), which was recently demonstrated as a viable route to decouple an entire single layer of graphene from its Ir(111) substrate [21] . In contrast to e.g. Ni(111) or SiC, where it is challenging to achieve high quality single layers of graphene because of rotational domains [22] , or nucleation of multilayers at step-edges [2] , graphene growth on Ir(111) self-terminates once the monolayer is complete, and single-domain samples can be routinely achieved. These samples exhibit a weakly p-doped Dirac cone, which shows signatures of substrate-related effects, such as hy-bridization gaps and replica bands [23] [24] [25] . Such effects greatly complicate studies of the underlying electron dynamics and many-body interactions in graphene, requiring the intercalation step to recover these properties.
Using scanning tunneling microscopy (STM), low energy electron diffraction (LEED) and density functional theory (DFT) we investigate the structural properties of the intercalated system, and demonstrate that it has excellent crystalline quality, with no signs of oxygen induced damage of the carbon lattice. In angle-resolved photoemission spectroscopy (ARPES) measurements we examine the effect of intercalation on both the graphene π-band and the surrounding Ir valence states, and show that the entire π-band dispersion is unaffected by the metallic substrate. Due to these excellent properties, we employ this sample as a platform for investigating many-body effects in intercalated graphene on a metal. Through electron doping by an additional Rb intercalation step, we study the effective screening properties of the graphene-metal interface. With ARPES and DFT we demonstrate that partial Rb intercalation leads to a tunable double doping structure, realizing a tunable quasi free-standing graphene pn-junction on a metal contact.
METHODS
A single crystal Ir(111) sample was cleaned by sputtering with 2 keV Ne ions and flashing to 1520 K followed by cycles of annealing to 1070 K in an O 2 background pressure of 5 × 10 −8 mbar to remove carbon impurities. The remaining O 2 on the surface was removed by annealing to 1000 K in a H 2 background pressure of 5 × 10 −7 mbar. This procedure was repeated until a sharp hexagonal LEED pattern from the Ir(111) surface was observed.
A complete monolayer of graphene was grown on the clean Ir(111) surface by doing at least 15 temperature-programmed growth cycles, where an ethylene background pressure of 5 × 10 −7 mbar was kept while ramping the temperature between 520 K and 1520 K. The completeness of the graphene layer was checked both with LEED, where a clear moiré pattern appears, and with ARPES, where a sharp Dirac cone is observed. The sample temperature was measured using a K-type thermocouple in thermal contact with the non-polished side of the Ir crystal, and from the readings of an infrared pyrometer, facing the polished side of the crystal.
Intercalation of O 2 was achieved by fully encapsulating the sample surface in a custom-made doser consisting of a molybdenum nozzle attached to an O 2 leak valve, and keeping the sample temperature at 520 K while dosing O 2 at a background pressure of 5 × 10 −4 mbar for 10 minutes. Rubidium was intercalated by evaporating the material from a commercial getter source facing the surface of the sample, while keeping the sample at room temperature.
The oxygen intercalated graphene samples were prepared in the ARPES UHV chamber, and then transferred ex situ to the STM chamber, where contaminants were desorbed by heating to 400 K. STM measurements on non-intercalated graphene on Ir(111) were done on in situ prepared samples. In all chambers the base pressures were better than 2×10 −10 mbar during measurements.
STM experiments were conducted using an Aarhus-type instrument [26] . ARPES and LEED measurements were done at the SGM3 beamline of the ASTRID synchrotron light source in Aarhus, Denmark [27] . Electronic band structure maps were acquired using a photon energy of 100 eV with total energy-and angular-resolution of 26 meV and 0.2
respectively, while detailed scans around the Dirac point were taken with a photon energy of 47 eV and total energy-and angular-resolution of 16 meV and 0.1 • , respectively. The sample temperature was kept at 70 K using a closed-cycle He cryostat during ARPES and LEED measurements.
The DFT calculations were performed with the real-space projector augmented wave code, GPAW [28] and the ASE interface [29] . Since the investigated systems contain dispersive interactions between the graphene sheet and its substrate, a functional which takes into account vdW interactions was chosen, specifically the optB88-vdW functional [30] , which has proven successful for similar systems such as graphene on Ni [31] and benzene adsorption on metals [32] .
Two different approximations for the graphene moiré superstructure was used as described in the text, namely a (9 × 9) graphene to an (8 × 8) Ir slab and a rotated (6 × 6) graphene to a ( √ 28 × √ 28) Ir slab. For all structures three Ir layers were used with the bottom Ir layer kept fixed, while all other atoms were relaxed until the maximum force on each atom was below 0.02 eV/Å. The graphene lattice constant was fixed to its optimized value of 2.465Å, and the Ir lattice constant was adapted accordingly, resulting in a strain of about 1 % for both cells. 2D periodic boundary conditions were employed parallel to the surface, and a vacuum region of 6Å separated the slabs from the cell boundaries perpendicular to the 4 surface. A (2 × 2) k -point sampling was used for all structural optimizations and energies, whereas the density of states calculations were performed with a (6 × 6) k -point grid for the small cell and a (4 × 4) k -point grid for the large cell. The grid spacing was 0.185Å.
Rb adsorption potential energies were calculated as (
where E GR/Rb/O/Ir , E GR/O/Ir and E Rb are the energies of the mixed O and Rb intercalated structure, the O intercalation structure and a Rb atom, respectively, and where n is the number of Rb atoms in the unit cell. Graphene binding energies were calculated as (E X/Ir + E GR − E GR/X/Ir )/m, where E X/Ir , E GR and E GR/X/Ir are the energies of the Ir surface with adsorbates X, the isolated graphene and GR/Ir intercalated with X, respectively, and where m is the number of C atoms in the graphene. In this work X replaces either O atoms, Rb and O atoms or nothing (non-intercalated GR/Ir).
RESULTS AND DISCUSSION
An STM investigation of the structure of oxygen intercalated graphene on Ir (111) (GR/O/Ir) is presented in Fig. 1(a) -(c). The graphene layer extends continuously over the step-edges as seen in Fig. 1(b) , proving that these are not reactive under the intercalation conditions. In Fig. 1 (c) a moiré superstructure with lattice constant 25.3Å as in plain graphene on Ir(111) (GR/Ir) can be observed. Since the structural coherency of the graphene film is found over very large areas as demonstrated in Fig. 1(a) , the graphene layer is homogeneously oxygen intercalated with an intact, defect-free carbon lattice. The intercalation of such large graphene sheets is believed to occur via the microscopic wrinkles appearing in the sheet during the graphene growth process [33] . Once the oxygen atoms penetrate into the graphene-Ir interface they diffuse and bind to the Ir substrate, leaving an intact carbon lattice above [21] .
The intercalated system is stable up to a temperature of 600 K. Heating above this point yields the deintercalated graphene seen in Fig. 1 
(d)-(f). Etch holes and blisters with
apparent heights in the range of 1-2Å are observed both in the middle of terraces and along step-edges. In Fig. 1 (e) it is seen that etch holes occur predominantly in the bright regions of the graphene moiré, consistent with these regions being reactive as observed for hydrogen adsorption on GR/Ir [10] . From these experiments it generally appears that the etching does not occur in a periodic fashion on this substrate. In Fig. 1 (f) the edge of a blister is shown. The graphene lattice extends across the edge of this structure, which might be a graphene bubble caused by remaining oxygen.
A structural comparison between newly prepared GR/Ir and GR/O/Ir is presented in these regions for the two samples. The fast variation in these curves is due to the carbon lattice, while the underlying slow variation is the moiré structure. The latter is extracted by fitting polynomials to the profiles as shown in Fig. 2(c) . The distance between minimum and maximum of these polynomials is taken as a measure of the graphene corrugation ∆d.
Admittedly such a corrugation analysis is complicated by the facts that the STM image contrast depends on the tunneling parameters and the state of the tip [34, 35] . However, we proceeded by analyzing more than 50 images like those in Fig. 2 The ARPES data presented in Fig. 3 provide an overview of the electronic structure for both GR/Ir and GR/O/Ir within a segment of the graphene and Ir Brillouin zone (BZ). The constant energy map at 0.45 eV in Fig. 3(a) is characterized by small circular energy surfaces aroundK, which are the Dirac cone and its replicas. The asymmetric intensity distribution around the circular energy contour is a well-known interference effect in graphene [37, 38] .
Ir-related features otherwise dominate the BZ. The π-band dispersion for GR/Ir with weakly p-doped Dirac cones at theK-points and the saddle point atM are seen in Fig. 3(c) . In addition, hybridization gaps around 2 eV caused by Ir d-levels crossing the π-band and minigaps around 1 eV at the mini BZ boundaries induced by the moiré pattern appear in the circled parts of the band in Fig. 3(c) [23] . quasi free-standing.
Several Ir-related features appear to be disrupted once O is intercalated such as the faint circular contour at theΓ-point in Fig. 3(a) , which is a hole-like Ir surface state [39] . The ellipsoidal contour around theM -point in Fig. 3(a) , which corresponds to the band that disperses up to the Fermi level atM in Fig. 3 (c) has also vanished in Fig. 3 The ARPES data in Fig. 4 
(a)-(f) can be interpreted in terms of a spectral function[40]
such that the renormalization of the bare band (k) and the linewidth are due to the real and imaginary parts of the electronic self-energy Σ (ω) and Σ (ω), respectively. Assuming that the self-energy has no strong dependence on momentum we can directly relate the linewidth procured from Lorentzian fits to momentum distribution curves (MDCs) through the data at each binding energy to Σ (ω), and thus the electronic scattering mechanisms in the system [40] . The MDC linewidths and renormalized dispersions extracted from the data in Fig. 4(a) -(c) are presented in Fig. 
4(g) and (h), respectively. Starting with the GR/O/Ir system the linewidth close to the
Fermi level is comparable to the momentum-resolution limit of the experiment, signifying a very low level of impurity scattering. Towards higher binding energies many-body effects contribute a higher linewidth. The step-like increase at 0.17 eV is caused by the excitation of an optical phonon mode, which also causes a kink in the dispersion as seen in Fig. 4(h) .
The further increase in linewidth is caused by electron-hole pair generation, consistent with a Fermi liquid type of behavior [8, 41] . For GR/Ir it is not possible to discern these effects due to the stronger coupling with the substrate. The large linewidth around the Fermi level and the hump around 1 eV seen in Fig. 4 (g) are caused by the Ir surface state hybridization and minigap, respectively. These gaps also cause the distortions of the dispersion seen in Fig. 4(h) . The entire linewidth of the n-doped GR/Rb/O/Ir sample is offset by 0.04Å
compared to the other samples. This rigid increase in linewidth can be attributed to electronimpurity scattering induced by the deposited Rb atoms. Additionally, the electron-phonon and electron-hole processes seen in GR/O/Ir also occur in this sample, and a hump around the Dirac point region can be observed, which we will discuss shortly.
The variation between the values of the renormalized band velocities v * relative to v = 10 6 m/s in the three systems in Fig. 4 (h) are caused by a number of effects such as the electron-phonon and electron-electron interactions mentioned above [42] . Subtle changes in the single-particle (bare band) dispersion may also contribute. For GR/Ir the slope is not defined at the Fermi level due to the Ir-related hybridization gap. The different Fermi velocities for GR/O/Ir and GR/Rb/O/Ir can be attributed to a stronger electron-phonon induced kink in the dispersion at 0.17 eV, which is due to an enhancement of the electronphonon coupling strength λ following the increase in carrier concentration and thereby larger phase space available for scattering processes. This is also what we find quantitatively by extracting λ for the dispersions in Fig. 4 (a) and 4(c) using the method developed in Ref. [43] . We obtain λ = 0.06 (9) for GR/O/Ir and λ = 0.11(4) for GR/Rb/O/Ir. The slightly larger λ value for GR/O/Ir than reported in Ref. [44] is consistent with the larger p-doping achieved for the sample in this study.
By extrapolating the bands above and below the Dirac point in Fig. 4(f) we find that the conduction band minimum is located at a binding energy of 1.19 eV, while the valence band maximum is found at 1.44 eV. It is not possible to describe this separation of 0.25 eV between the bands in terms of a gap since the photoemission intensity peaks throughout this energy range as seen in the energy distribution curve (EDC) through the Dirac point in Fig. 4(j) . This is more clear when comparing this to the EDC through the 0.15 eV minigap in GR/Ir shown in Fig. 4(i) , where the gap is defined through a depression of the photoemission intensity. Broadening of the EDC arising from differently doped areas can be ruled out based on the fact that away from the Dirac point the EDCs are much more narrow.
The elongated shape of the Dirac point and the hump in the MDC linewidth in Fig. 4(g) therefore seem to be better explained by a many-body effect arising from electron-plasmon coupling consistent with the situation in graphene on SiC with a carbon buffer layer in the interface (GR/SiC) [8] . Following the methodology of Ref. [20] we can apply the doping level and the separation between valence and conduction bands to directly estimate the value of the effective coupling constant α = e 2 /4π 0 hv, where = (1+ S )/2 is the effective dielectric constant and S is its contribution from the substrate. We find α = 0.1 corresponding to = 22 and S = 43. This value was also found for GR/SiC [20] . The similarity is surprising given the presence of the bulk metal in our case compared to the bulk semiconducting SiC substrate.
We will now focus on lower Rb coverages. Interestingly, we observe the emergence of two Dirac cones giving rise to p-type and n-type Fermi surfaces and dispersions as seen in Fig. 
5(a)-(h)
. This effect is caused by the build-up of two phases that we denote as phase 1 and phase 2. We assign phase 1 to Rb atoms adsorbing on top of graphene in the GR/O/Ir sys- tem, while in phase 2 we propose that they intercalate giving rise to the GR/Rb/O/Ir system explored in Fig. 4 at saturation. The two phases coexist at intermediate Rb coverage, and since the ARPES measurement averages laterally over the sample, both phases contribute to the photoemission signal. Similar behavior was recently observed for Cs intercalation of GR/Ir [33] . Here we find that phase 1 becomes progressively less p-doped, while phase 2 appears with a nearly fixed n-doping until saturation where phase 1 disappears, and phase 2 becomes slightly more n-doped. The carrier concentration and Dirac point position for the different phases are tracked in Fig. 5(i) . Note, that at intermediate doping a reconstruction of the Dirac point can be seen in phase 2 e.g. in Fig. 5 (f) consistent with the formation of a plasmaron [17] and the finite screening discussed above.
In order to corroborate our assignment of the two phases to adsorbed and intercalated Rb, we explore the energetics and structures of these phases further using the DFT calculations 13 presented in Fig. 5(j) and Fig. 6 , respectively. Due to the presence of Rb atoms making the calculations more demanding, a smaller approximative unit cell consisting of a rotated (6 × 6) graphene layer on a ( √ 28 × √ 28) Ir slab (see Fig. 6(a) ), compared to the one in phase is preferred at low coverage up to around 0.07 ML, whereas the intercalated phase is preferred at higher coverage. This is in good agreement with the experimental results. The overall most favorable structure within the investigated range of coverage is the 0.25 ML intercalated structure. Therefore this structure should be the only intercalation structure formed in good agreement with the observed fixed doping level of phase 2 in Fig. 5 .
As discussed in Ref. [33] the preference for dense intercalated structures derives from the loss in graphene binding energy when the graphene is lifted away from the Ir substrate in the intercalation process. With denser intercalated structures the energy penalty for lifting the graphene is divided out on more atoms, leading to a higher stability per intercalated atom. On top of this effect we furthermore find that the graphene binding energy itself is reduced less for dense intercalated structures, since the denser array of intercalated atoms leads to a more favorable van der Waals interaction between graphene and intercalants. This is shown in Tab. I, where we compare the average graphene binding energy for the mixed Rb/O-intercalated structure at the highest and the lowest coverage. It is seen that the graphene binding energy is reduced to 22 meV per C atom for the low coverage intercalation structure, whereas for the high coverage structure the graphene binding is 51 meV per C atom, which is similar to the value for the O-intercalated structure.
We Rb is both adsorbed and intercalated.
In Fig. 6 (d)-(f) the density of states projected onto the C p z orbitals (PDOS) is plotted for each of the structures along with a reference PDOS corresponding to isolated graphene.
The narrow peaks in these curves are an artifact of the discrete sampling of k -points in the BZ. For GR/O/Ir (Fig. 6(d) ) the PDOS is plotted both for the smaller and larger unit cell, demonstrating that the PDOS is insensitive to the choice of cell. For GR/O/Ir a p-doping of around 0.6 eV is calculated, which is qualitatively in line with the ARPES measurements in this work. Adsorbing Rb atoms on top of the graphene sheet ( Fig. 6(e) ) shifts the Dirac point down in energy, matching the behavior of phase 1 in the experiment. The precise value of the shift depends on the Rb coverage taking it from p-to n-doping with increasing coverage. For the mixed GR/Rb/O/Ir we only consider the PDOS for the 0.25 ML case ( Fig. 6(f) ), since this is the energetically most favorable structure. An n-doping of around 0.8 eV is calculated for this structure. This is qualitatively in line with the doping of phase 2. The good agreement between calculations and experiment supports our assignment of phase 1 to adsorbed Rb and phase 2 to intercalated Rb.
CONCLUSIONS
Applying various intercalation strategies for graphene often faces challenges such as the need of a high pressure of the gas containing the material to be intercalated and elevated temperatures might be required which can cause harmful reactions in the graphene lattice.
In some cases smaller graphene islands are needed allowing the intercalant to pass through the edges [47] [48] [49] [50] . It is essential to overcome these issues in order to tailor high quality graphene films with specific device characteristics. The results here demonstrate that it is possible to maintain the structural integrity of large area graphene using the intercalation approach, and moreover the system is stable up to a high temperature of 600 K.
We find that using two intercalation steps a large span of carrier concentrations from strong p-to n-doping can be induced in graphene. This precise control of the doping level is in stark contrast to the situation in any bulk metal. This is exploited to vary the electronphonon coupling and the Coulomb screening in graphene. Surprisingly, a finite screening is found in the presence of the metallic substrate contrary to what one might intuitively expect. These properties are central for the performance of devices that set out to exploit the Dirac particles for transport.
The oxygen intercalated graphene system can be patterned with coexisting phases of adsorbed and intercalated rubidium that form pn-junctions within the carbon lattice with tunable hole concentration. This is possible in the first place because the system initially has a very large hole doping contrary to as-grown graphene on Ir(111). Systems like these could pave the way for very interesting relativistic quantum devices based on the phenomenon of Klein tunneling [51] [52] [53] .
